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Abstract: Neural tube defects (NTDs) are common congenital anomalies formed by the incomplete 

closure of the neural tube during early embryonic development. This study aims to identify potential 

plasma biomarkers associated with NTDs using an untargeted metabolomics approach, thereby 

enhancing the understanding of the disease pathogenesis and facilitating early diagnosis. Peripheral 

venous blood samples were obtained from 21 healthy controls and 20 individuals diagnosed with NTDs. 

Untargeted metabolomic profiling was performed using Quadrupole Time-of-Flight Liquid 

Chromatography Mass Spectrometry (Q-TOF LC/MS) in positive ion mode. Data processing was 

conducted using the XCMS package in R, thus identifying significant metabolites based on a fold 

change greater than 1.5 and a p-value less than 0.05. The analysis revealed significant alterations in 

several metabolites in NTD cases compared to the healthy controls. Notably, changes were observed 

in arachidonic acid and prostaglandins (lipid metabolism), choline (methylation processes), amino 

acids such as leucine, phenylalanine, and lysine (amino acid metabolism), thyrotropin-releasing 

hormone, vitamin D3, cob(II)alamin, and galactosylsphingosine (sphingolipid metabolism). The 

identified metabolites may play a role in the pathogenesis of NTDs and hold potential as early 

diagnostic biomarkers.  
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1. Introduction 

Birth defects constitute a significant global health issue, often arising from unknown causes or a 

combination of factors [1]. In human embryonic development, the neural tube originates from brain 

tissue and extends downward to form the spinal cord. This structure completes its development 

between the second and third weeks after fertilization. Disruptions in its development, for any reason, 

can cause portions of the tube to remain open, thus leading to neural tube defects (NTDs) [2]. They 

are both common and critical and impact numerous newborns worldwide. For instance, Tan et al. 

reported a birth defect prevalence of 23.99 cases per 1000 live births in Singapore between 1994 and 

2000 [3]. This study also highlighted an increasing trend in terminations due to birth defects, 

accompanied by a decreasing trend in congenital anomalies among live births [3]. 

Busby et al. reported that 8913 babies or fetuses with NTDs (anencephaly, spina bifida, or 

encephalocele) were identified among 9,273,212 births across 16 countries between 1980 and 2001 [4]. 

The prevalence of NTDs decreased in the United Kingdom and Ireland from 45 per 10,000 births in 

the 1980s to 10–15 per 10,000 in the 1990s. However, in the rest of Europe, the prevalence remained 

close to 10 per 10,000 births during the same period [4]. To prevent NTDs, some governments have 

implemented public health policies promoting folic acid supplementation [5]. Although the 

pathogenesis of NTDs and their relationship with folate metabolism are well understood [6], early 

diagnoses have evolved from techniques such as amniography [7] and ultrasound [8] to identifying 

biomarkers for prenatal diagnoses of NTDs based on omic techniques [9]. 

Advancements in analytical technologies, particularly mass spectrometry (MS) and nuclear 

magnetic resonance (NMR) spectroscopy, have propelled metabolomics to the forefront of systems 

biology. Metabolomics can be broadly divided into targeted and untargeted approaches. Targeted 

metabolomics quantifies a predefined set of metabolites, which are often related to a specific pathway 

or disease. In contrast, untargeted metabolomics aims to detect and quantify as many metabolites as 

possible without prior selection, making it particularly valuable for discovering novel biomarkers and 

identifying unexpected metabolic alterations linked to diseases [10,11]. 

In this paper, we aim to identify significant metabolic differences that may provide insights into 

the pathogenesis of NTDs by analyzing and comparing the plasma metabolite profiles of 21 healthy 

controls and 20 individuals with NTDs. Identifying altered metabolites will enhance our understanding 

of metabolic disruptions associated with NTDs and contribute to the development of non-invasive 

biomarkers for early detection. Ultimately, these findings may facilitate early diagnoses and 

individuals affected by this condition. This study aims to identify potential plasma biomarkers for the 

diagnosis of NTDs using an untargeted metabolomics approach with Quadrupole Time-of-Flight 

Liquid Chromatography Mass Spectrometry (Q-TOF LC/MS). 

2. Materials and methods 

2.1. Study population 

This single-center, prospective study enrolled pregnant women and healthy controls aged 20-40 

years. All the participants were examined at the Zekai Tahir Burak Women’s Health, Health 

Application, and Research Center, which is affiliated with the Ministry of Health of the Republic of 

Türkiye. Ethical approval was obtained from the institutional review board of the hospital, and 
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informed consent was obtained from all participants before inclusion in the study. The study population 

consisted of 21 healthy control samples (Group C) and 20 plasma samples from cases diagnosed with 

NTDs (Group T). The study population was determined based on specific inclusion and exclusion 

criteria to ensure the reliability and validity of the findings. 

The inclusion criteria are as follows: the study included second trimester pregnant women aged 

between 20 and 40 years who had a diagnosis of NTD in the fetus.  

The exclusion criteria are as follows: the study excluded pregnant women with genetic or systemic 

diseases or on medication, a history of metabolic or autoimmune diseases before pregnancy, 

pregnancies that resulted from in vitro fertilization or intracytoplasmic sperm injection, multiple 

pregnancies, women who had previous pregnancies affected by NTDs or complicated pregnancies, 

individuals unwilling to participate in the study, and participants with incomplete or insufficient 

clinical data.  

2.2. Sample collection 

All the participants provided blood samples in a fasting state during their routine hospital visits, 

thereby minimizing the potential influence of immediate nutritional intake on their metabolomic 

profiles. Given the numerous factors which influence metabolomic levels, the nutritional status of the 

participants was not considered a primary confounder, as all groups were selected to ensure a 

homogeneous study population. 

2.3. Preparation of the samples 

Peripheral venous blood (3 mL) was drawn from each participant into tubes containing 

ethylenediaminetetraacetic acid (EDTA) to prevent coagulation. The samples were centrifuged at 3000 

rpm for 10 minutes to separate the plasma. The plasma samples were immediately frozen at −80 ℃ 

until the analysis to preserve the metabolite integrity. On the day of the experiment, the plasma samples 

were thawed at room temperature. For each group (Groups C and T), 200 µL of the individual plasma 

samples were pooled into 15 mL Falcon conical tubes (Fisher Scientific, New Hampshire, USA) and 

thoroughly vortexed to ensure homogeneity. The pooled samples served as quality control (QC) 

samples, which monitor the consistency and reliability of the analytical process. Both the pooled and 

individual samples underwent metabolite extraction through protein precipitation using methanol. 

Specifically, 200 µL of plasma was mixed with 600 µL of methanol in an Eppendorf tube and vortexed 

to ensure complete mixing. The mixture was centrifuged at 9000 rpm at 4 ℃ for 30 minutes to pellet 

the precipitated proteins. The supernatant, which contained the metabolites, was carefully collected 

and dried using a vacuum centrifuge (9 ℃, Labconco CentriVap Benchtop Vacuum Concentrator, 

Kansas City, USA). The dried extracts were reconstituted in 300 µL of a 1:1 (v/v) mixture of 

acetonitrile and water. All solvents used were LC-MS grade (Sigma-Aldrich, Missouri, USA) to ensure 

high purity for mass spectrometry analysis. 

2.4. Q-TOF LC/MS instrumental conditions 

A mass spectrometry analysis was performed using an Agilent 6530 Q-TOF LC/MS system 

(Agilent Technologies, Santa Clara, CA). The mass spectrometer operated in positive ion mode, thus 
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enhancing the ionization of most metabolites. The MS scan range was set between 100 and 1700 m/z 

to capture a broad spectrum of low-molecular-weight metabolites. The instrument parameters included 

a column temperature of 35 ℃, a drying gas temperature of 350 ℃, and a capillary voltage of 4000 V. 

The auto MS/MS mode was employed for metabolite identification and to facilitate structural 

elucidation. 

2.5. Data collection 

A chromatographic separation was performed using an Agilent Zorbax C18 column (1.8 μm, 50 

x 2.1 mm). It is widely used for metabolomics due to its high resolution and efficiency in separating a 

broad range of metabolites. A gradient elution method was employed, thereby utilizing a mobile phase 

comprised of water (solvent A) and acetonitrile (ACN, solvent B), both containing 0.1% formic acid 

to enhance the ionization efficiency. The gradient program began with 10% ACN at a flow rate of 0.20 

mL/min, which was linearly increased to 90% ACN by the 10th minute. After reaching this maximum, 

the ACN ratio was gradually reduced to 10% by the 17th minute. The composition was maintained at 

10% ACN until the 25th minute, followed by a 5-minute post-run to ensure that the column was ready 

for subsequent injections. All samples were injected in duplicate, and the injection order was 

randomized to mitigate any potential instrument drift or batch effects during the analysis. Using a C18 

column and gradient elution with acetonitrile ensures the practical separation of both polar and non-

polar metabolites, thus providing a comprehensive metabolomic profiling. This method, with 

optimized flow rates and gradient timings, aligns with the best practices in metabolomics literature for 

achieving high reproducibility and resolution. Then, the raw data were processed using XCMS. 

2.6. Data processing and statistics 

Peak detection, alignment, and grouping were performed using the XCMS package in the R 

programming environment, which is widely utilized for processing untargeted metabolomics data [12]. 

To optimize the parameters for peak picking and grouping in XCMS, we employed the Isotopologue 

Parameter Optimization (IPO) software. IPO automates the optimization process by utilizing the 

design of experiments and natural selection algorithms to fine-tune XCMS parameters specific to our 

dataset [13]. After processing with XCMS, the resulting peak lists were exported to Microsoft Excel 

for a further analysis. To ensure the reliability of the detected peaks and to eliminate false positives, 

we conducted a regression analysis based on the consecutive dilution series prepared from the pooled 

QC samples. Specifically, we examined the correlation between the peak intensities (y) and the 

corresponding dilution factors (x) as reported in previous studies [14]. Peaks that exhibited a strong 

linear relationship with the dilution factors (R² > 0.90) were considered reliable and were retained for 

a further analysis, as they demonstrated consistent behaviors proportional to the dilutions [14]. Peaks 

that did not meet this criterion were discarded to reduce the likelihood of including artifacts or 

inconsistent signals. The peak intensities were normalized using the total ion current (TIC) 

normalization method, which involves dividing each peak area by the sum of all peak areas in that 

sample. This approach compensates for variations in the sample concentration and the instrument 

response, thereby enhancing the data comparability across samples [15]. Then, the normalized data 

were subjected to a statistical analysis to identify the significant differences between the NTD cases 

and the healthy controls. 
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The statistical evaluations were conducted using a univariate analysis. A two-tailed Student’s t-

test was applied to compare the mean metabolite levels between the two groups. Metabolites that 

exhibited a fold change (FC) greater than 1.5 and a p-value less than 0.05 were considered significantly 

altered. These thresholds commonly strike a balance between the sensitivity and the specificity in 

detecting meaningful changes. Then, the significantly altered metabolites were annotated and 

identified using MetaboAnalyst 5.0, which is an online tool that facilitates metabolomic data analyses, 

metabolite identification, and pathway mapping [16]. By combining rigorous data processing methods 

with statistical analyses grounded in established metabolomics practices, we aimed to ensure the 

reliability and biological relevance of the metabolites identified as potential biomarkers for NTDs. 

This comprehensive approach enhances the validity of our findings and aligns with the best practices 

in the field. 

3. Results 

From a clinical perspective, the metabolomic profiling of plasma samples from the NTD cases 

(Group T) and the healthy controls (Group C) revealed significant metabolic alterations. The Principal 

Component Analysis (PCA) Plot in Figure 1a visualizes the metabolic differences between the NTD 

cases (Group T) and the healthy controls (Group C). The clear separation between Group T (green) 

and Group C (red) shows distinct metabolic profiles between the two groups, thus indicating a 

significant alteration in the metabolic pathways associated with NTD. The shaded regions further 

emphasize the clustering within each group, with minimal overlap, thus suggesting the robustness of 

the metabolomic differences. The volcano plot in Figure 1b shows the log2 fold change (FC) of 

metabolites between the NTD cases and the controls plotted against the -log10 p-value. Metabolites 

with higher fold changes are located to the right (positive values), while those with reduced levels in 

the NTD cases are to the left (negative values). The color scale indicates the magnitude of the fold 

change, with red representing highly upregulated metabolites in the NTD cases and blue representing 

downregulated ones. Statistically significant metabolites (FC > |1.5| or log2 FC > |0.585|, p < 0.05) are 

located in the outer regions of the plot. These metabolites are potential biomarkers for NTD and 

warrant further investigation. 

A comprehensive analysis detected 3558 distinct peaks across the study population. Of these, 386 

metabolites exhibited statistically significant differences between the NTD cases and the controls, with 

a fold change (FC) greater than 1.5 and a p-value less than 0.05. These findings indicate the presence 

of specific metabolic disruptions in the NTD cases, which may have potential diagnostic and 

prognostic values. The putatively identified metabolites implicated in key metabolic pathways such as 

lipid metabolism, amino acid metabolism, and sphingolipid biosynthesis are listed in Table 1. This 

data suggests a potential role for these metabolites in the pathogenesis of NTDs, thus highlighting their 

relevance as possible biomarkers for early diagnoses or risk stratification in clinical settings. 

 

 

 

 

 



104 

AIMS Molecular Science  Volume 12, Issue 1, 99–112. 

 

Figure 1. PCA plot of the pooled samples and Volcano plot for the metabolomic analysis 

results. a) PCA plot showing clear separation between the plasma metabolite profiles of 

the NTD cases (Group T, green) and the healthy controls (Group C, red). b) Volcano plot 

depicting the log2 fold change (FC) for metabolites between the NTD cases and the 

controls. Colored points represent metabolites with significant changes (FC > |1.5| or log2 

FC > |0.585|, p < 0.05), with upregulated metabolites in red and downregulated metabolites 

in blue. 

Table 1. Metabolites significantly altered in plasma of NTD cases identified through 

untargeted metabolomics 

 Metabolite Matched Form HMDB code 

1 Choline M[1+] HMDB0000097 

2 L-Leucine or L-Isoleucine M-NH3+H[1+] HMDB0000687 

3 L-Phenylalanine M-HCOOH+H[1+] HMDB0000159 

4 L-Lysine M-NH3+H[1+] HMDB0000182 

5 Thyrotropin-releasing hormone M+2H[2+] HMDB0060080 

6 N6-Acetyl-L-lysine M+Na[1+] HMDB0000206 

7 Prostaglandin D2, E2, A2, J2, or B2 M-H4O2+H[1+] HMDB0001403 

8 Arachidonic acid M+Na[1+] HMDB0001043 

9 Aspartylglycosamine M+H[1+] HMDB0000489 

10 Vitamin D3 (Calcitriol) M-HCOOH+H[1+] HMDB0001903 

11 Adenylsuccinic acid M-CO2+H[1+] HMDB0000536 

12 Galactosylsphingosine M-H4O2+H[1+] HMDB0000648 

13 Delta 8,14 -Sterol M+NaCl[1+] HMDB0006928 

14 LysoPC(O-18:0) M[1+] HMDB0011149 

15 Estriol-16-Glucuronide M+HCOONa[1+] HMDB0006766 

16 Coproporphyrin I or II M[1+] HMDB0000643 

17 Ganglioside GA2 (d18:1/12:0) M-CO+H[1+] HMDB0004888 

18 Galabiosylceramide (d18:1/9Z-18:1) M+NaCl[1+] HMDB0004832 

19 Cob(II)alamin M-H2O+H[1+] HMDB0006316 
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4. Discussion 

A study published by Dheen et al. about NTD overviewed the relationship between NTD and 

embryos during diabetic pregnancies [17]. Jawerbaum and Gonzalez reported that hyperglycemia can 

provoke cellular damage by increasing the production of reactive oxygen species (ROS), altering the 

arachidonic acid metabolism, and enhancing the generation of nitric oxide [18]. In our experiments, 

the levels of two metabolites (arachidonic acid and prostaglandin) involved in the arachidonic acid 

metabolism were significantly altered between Group T and Group C. Some early studies promote the 

use of Myo-inositol and prostaglandins to reverse the glucose inhibition of neural tube fusion in 

cultured mouse embryos, as well as the relationship between diabetes mellitus and prostaglandin E2 

levels [19–21]. Recent studies also confirm the usage of inositol for the prevention of NTDs [22]. 

In a study published by Mills et al., it was reported that maternal betaine and choline 

concentrations are not strongly associated with NTD risk since the mean plasma total choline 

concentrations in the NTD and control groups did not significantly differ [23]. However, Shaw et al. 

reported that the dietary choline intake was associated with reduced NTD risks [24]. In our experiments, 

we observed a significant difference (FC: 1.80) between Group C and T. Therefore, the choline 

concentration in the plasma must be evaluated in different populations to highlight the importance of 

choline usage in pregnancy or this unique metabolite as a biomarker for NTD. 

L-Leucine is a branched-chain amino acid, and it is mainly involved in stress, energy, and muscle 

metabolism. In an early study published by Rosenquist et al, it was reported that avian embryos treated 

with leucine experienced normal neural tube closure including the lumbar region [25]. Although the 

changes in the concentration of such amino acids are related to many other disease conditions, the 

difference in the leucine or iso-leucine concentration between the groups (FC: 1.73) in our 

experimental model encourages us to consider the leucine or iso-leucine concentration as a predictor 

of NTD. Leucine's regulatory role in cellular growth through mTORC1 suggests that it may act as a 

critical factor during neural tube development by influencing the proliferation and differentiation of 

embryonic cells [26]. The concentrations of the other amino acids, phenylalanine and lysine, were 

altered by FC: 1.61 and FC: 2.05, respectively. Denno et al. reported that excess phenylalanine has 

been shown to increase neural tube openings during embryo development. Particularly high levels of 

phenylalanine may contribute to NTD development by altering the neurotransmitter levels and 

disrupting the developmental signaling pathways [27]. They conducted a study on the amino acid 

levels in the plasma and amniotic fluid of women with a genetic risk of embryo developmental 

impairments and a previous history of aberrant chromosomal segregation or NTDs. In these women, 

the plasma levels of proline, leucine, and valine were increased by more than 50%. In the amniotic 

fluid samples from the NTD group, the levels of lysine, serine, and leucine were decreased in women 

over 35 years of age [28,29]. These results were correlated with ours.  

Abnormalities in the thyroid hormone and prolactin were reported in NTD [30]. The thyrotropin-

releasing hormone levels for working groups (might. Groups C and T) differed (FC: 1.81), and this 

result may be considered in further clinical studies. The maternal serum vitamin D levels in 

pregnancies complicated by NTDs and in healthy pregnant women were compared, and the mean 

maternal serum vitamin D3 level was 6.2 ± 5.0 ng/mL in the study group and 9.1 ± 7.3 ng/mL in the 

control group (p  =  0.071) [31]. In our experimental population, the results were similar to the reported 

ones, but with a higher fold change (FC: 3.94), consistent with the reported ones. In such a situation, 
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vitamin D3 cannot be proposed as a biomarker; however, it should be considered as a parameter to 

understand the pathogenesis of the disease and prevent NTD. 

In a study published by Groenen et al., 1H NMR spectroscopy of amniotic fluids from spina bifida 

fetuses and controls was examined. Succinic acid, glutamine, creatine, and creatinine were verified as 

potential biomarkers based on the 1H NMR results [32]. In the study conducted by Zheng et al., a 

combined ultra-high performance liquid chromatography with quadrupole time-of-flight mass 

spectrometry (UPLC-Q-TOF-MS) and gas chromatography-time of flight mass spectrometry (GC–

TOF MS) approach was used to analyze the serum metabolome of mothers with NTDs, thus revealing 

significant alterations in tricarboxylic acid (TCA) cycle metabolites. In the first trimester, the succinic 

acid level was found to be increased (FC = 1.50; P = 0.0762) in the NTD group; however, this increase 

was not statistically significant. In contrast, the metabolic product of succinic acid and fumaric acid 

was significantly decreased (FC = 0.56; P < 0.05). Similarly, in the same study, a dibutyl phthalate 

(DBP)-induced animal model also showed an increase in the succinic acid levels (FC = 1.70; P < 0.05) 

and a decrease in the fumaric acid levels (FC = 0.63; P < 0.05). DBP is known to be an inhibitor of 

succinate dehydrogenase (SDH), and the inhibition of this enzyme has been reported to cause 

impairments in the mitochondrial energy production [33]. In our Q-TOF LC/MS results, the 

adenylsuccinic acid level was found to be different between the test and control groups. Prospective 

cohort studies should be conducted in large patient groups to clinically validate these biomarkers and 

determine the specific changes in the adenylsuccinic acid and vitamin D levels in individuals with 

NTDs. Since succinic acid is an intermediate product of the TCA cycle, its direct measurement may 

not fully reflect the overall metabolic processes. Therefore, the evaluation of the succinic acid levels 

should be considered in conjunction with other metabolites of the TCA cycle and within the 

appropriate context. For this purpose, targeted metabolomic analyses and enzyme-linked biochemical 

assays can be utilized. Additionally, to assess the sensitivity and specificity of these biomarkers, 

diagnostic accuracy analyses should be performed using statistical methods, such as a Receiver 

Operating Characteristic (ROC) curve analysis, in conjunction with metabolomic analyses. 

The relationship between vitamin B12 estimated deficiency and NTD have been well-established 

for a long time [34]. According to the Human Metabolome Database (HMDB), cob(II)alamin, also 

known as vitamin B12 or co(i)-cobalamine, falls within the class of organic compounds referred to as 

cobalamin derivatives. In the present work, the cob(II)alamin concentrations were statistically different 

between the groups. The vitamin B12 insufficiency and cob(II)alamin plasma concentration may be 

correlated to monitor the disease progression or to gain a deeper understanding of the disease 

pathogenesis. 

In this context, examining changes in sphingolipid metabolism products may help better 

understand the mechanisms of NTD formation and contribute to the development of early diagnostic 

and preventive strategies. Sphingolipid metabolism plays a critical role in the successful implantation 

of the embryo into the uterus [35]. Sphingolipids have been demonstrated to regulate various processes, 

including angiogenesis, cell migration, apoptosis, immunomodulation, and cellular differentiation. 

Additionally, sphingolipids are crucial bioactive molecules involved in cellular signaling, membrane 

integrity, and apoptosis, all of which are essential for embryonic development [36]. Disruptions in the 

sphingolipid metabolism have been associated with various developmental disorders, including 

congenital NTDs [37,38]. The essential role of sphingosine kinases in neural and vascular development, 

as well as the role of sphingosine 1-phosphate in neural signaling and function, have been reported in 

previous studies [39,40]. In an eye-catching study published in 1999, it was reported that some 
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mycotoxin called fumonisins caused NTD in South Texas [41]. As we know from published results, 

fumonisin B1 inhibits sphingosine (sphinganine) N-acyltransferase and de novo sphingolipid 

biosynthesis [42]. Interestingly, the galactosylsphingosine concentration in our study population 

differed between the groups (FC: 2.48). Therefore, we propose that galactosylsphingosine may be 

regarded as a biomarker for NTD; however, targeted metabolomic studies on an expanded population, 

in addition to clinical evaluation for group homogeneity, must be performed to verify this hypothesis. 

In a study published by Liu et al., it was observed that the detected glycerolipids, glycerophospholipids, 

sphingolipids, and carboxylic acids were different in polycystic ovary syndrome. The follicular 

dynamics of glycerophospholipid and sphingolipid metabolisms were discussed [43]. 

Galabiosylceramide and ganglioside are sphingolipids, and in the present study, their concentrations 

were determined to be different among the groups, except for galactosylsphingosine concentration. 

These findings suggest that the sphingolipid metabolism could be a valuable target to identify 

biomarkers associated with NTDs, as an untargeted approach, such as the one used in the present study, 

is not capable of screening the entire sphingolipid metabolism under experimental conditions. 

Since the 1940s, it has been recognized that teratogens and vitamin deficiencies can trigger birth 

defects [44]. A well-known example affects the impact of vitamin A deficiencies on maternal and child 

health [45]. While vitamin A is an essential dietary nutrient, the excessive intake of retinoids by 

pregnant women can lead to teratogenesis [46]. Similarly, vitamin D is crucial not only for bone 

health but also for a wide range of physiological functions within the body. Fetal skeletal growth 

requires additional calcium and increased maternal vitamin D support during pregnancy, 

underscoring the longstanding recognition of vitamin D and micronutrients, such as calcium, as vital 

during gestation [47,48]. 

Recent studies have confirmed the role of folic acid in preventing NTDs, as well as the 

association between folate and clinical vitamin B12 deficiencies with infertility or recurrent 

spontaneous abortion [49]. The role of vitamin deficiencies in birth defects has long been recognized. 

In particular, folic acid and vitamin B12 deficiencies have been associated with NTDs. In addition to 

vitamin deficiencies, studies on the metabolic effects of NTDs have suggested a potential link between 

NTDs, lipid metabolism, and steroid hormone biosynthesis. 

In our experiments, some metabolites (HMDB codes are as follows: HMDB0006928, 

HMDB0011149, HMDB0006766, HMDB0000643, HMDB0004888, and HMDB0004832) listed in 

Table 1 matched with the peaks under the experimental conditions and were involved in lipid 

metabolism and steroid hormone biosynthesis.  These results must be logically considered to answer 

the question of whether NTD causes problems in steroid hormone biosynthesis or whether some 

secondary effects of having problems in steroid hormone biosynthesis can lead to NTD. 

Cob(II)alamin (FC: 1.68 in our experimental conditions), an inactive form of vitamin B12, plays 

a crucial role in and the conversion of homocysteine to methionine. This pathway is essential for DNA 

synthesis and methylation, and disruptions in it have been linked to NTD.  

The findings suggest significant changes in the arachidonic acid and prostaglandin levels in NTDs, 

thus indicating their potential as early diagnostic biomarkers. Inositol and prostaglandins could 

mitigate glucose inhibition of neural tube fusion. Variations in choline and amino acids, such as leucine, 

phenylalanine, and lysine, were noted, thus suggesting their potential role in the risk for NTD. Thyroid 

hormone and vitamin D3 levels also significantly differed. Cob(II)alamin's role in homocysteine 

metabolism highlights its importance. Sphingolipid metabolism, especially galactosylsphingosine, 
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may also be relevant. These metabolites could serve as biomarkers, but further targeted studies are 

needed for validation. 

In light of the findings from the study of Nasri et al. [50], which emphasized the roles of 

docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and arachidonic acid (ARA) in NTDs, 

our results further underscore the importance of lipid metabolism in NTD pathogenesis. Similar to 

their observations of altered ARA levels, we identified significant changes in metabolites associated 

with arachidonic acid metabolism, including prostaglandins, thus reinforcing the hypothesis that 

disruptions in fatty acid metabolism may be a key contributor to the risk of NTD. They highlight the 

interaction between lipid metabolism and essential micronutrients, such as folate and vitamin D. This 

finding parallels our results, which show variations in the choline and vitamin D3 levels between the 

NTD cases and the controls. This connection between lipid metabolism and nutrient deficiencies adds 

another layer of complexity to the metabolic processes underlying NTDs. 

5. Study limitations 

Our study has several limitations that should be acknowledged. First, the small sample size 

reduces the statistical power and may limit the generalizability of the findings. Therefore, our data 

should be viewed as preliminary or hypothesis-generating rather than conclusive. Second, although we 

employed an untargeted metabolomics approach, many of the significantly altered metabolites require 

validation, and further targeted analyses are necessary. Increasing the number of participants in future 

studies and confirming metabolite identities through a targeted analysis will be essential to validate 

and expand upon these initial results. 

6. Conclusions 

In conclusion, this study identified several potential plasma biomarkers for NTDs through 

untargeted metabolomics, including arachidonic acid, prostaglandin, choline, leucine, phenylalanine, 

lysine, thyrotropin-releasing hormone, vitamin D3, cob(II)alamin, and galactosylsphingosine. The 

level differences between the NTD-affected and control groups suggest their potential relevance in the 

pathogenesis and early diagnosis of NTDs. However, the putative nature of these identifications 

necessitates further targeted validation studies to confirm their utility and reliability as biomarkers. 

Future research should focus on expanding the population studies and incorporating targeted 

metabolomics to enhance the accuracy and clinical applicability of these findings. 
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